Introduction
The increasing exhaustion of the earth's natural resources has aroused a growing interest in exploring renewable resources for sustainable development (Ragauskas et al., 2006) . Lignocellulose, the most abundant biomass on earth, is the most widely available low-cost renewable resource that can be used for the production of large amounts of biofuel and biochemicals, such as ethanol or lactic acid, using biotechnological means (Adsul et al., 2007; Tang et al., 2013) . Such lignocellulosic substrates include forest residues such as wood; agricultural residues such as corn stover, corncob, sugarcane bagasse, sorghum stover, wheat, and rice straw; and agricultural byproducts such as wheat bran and soybean hulls (Vats et al., 2013; Singh et al., 2014) .
About 30% (w/w) of lignocellulose is hemicellulose, and approximately 90% of the sugar released upon hydrolysis is xylose (Marwoto et al., 2002) . At present, in certain biotechnology companies in China, large amounts of waste byproducts that are rich in xylose are generated during the process of lignocellulose hydrolysis Gao et al., 2014) . These available hemicellulose sources have potential for exploitation and utilization. However, they have always been neglected as waste byproducts, which not only results in excessive wastage of natural resources but also leads to environmental pollution.
As an important platform, the chemical agent 2,3-butanediol (2,3-BD) has attracted increasing interest due to its extensive application in varied fields such as fuel, the chemical industry, and the food industry (Xiu and Zeng, 2008; Yang et al., 2012) . As an important starting material, 2,3-BD can be dehydrated to yield industrial solvents such as methyl ethyl ketone and 1,3-butadiene (Syu, 2001; Multer et al., 2013) . Furthermore, 2,3-BD has a potential application value in the manufacturing of printing links, perfumes, fumigants, moistening and softening agents, explosives, plasticizers, and pharmaceuticals (Garg and Jain, 1995; Ji et al., 2011; Xiao and Lu, 2014) . Microbial fermentation is available for the production of 2,3-BD, because this technique is more economical and environmentally friendly than chemical synthesis (Ji et al., 2009; Nan et al., 2014) . However, the existing microbial production of 2,3-BD is always conducted with pure substrates, with glucose as the most common feedstock, which can cause a cost burden that hinders large-scale production (Ji et al., 2010) . Therefore, finding low-cost and available fermentation substrates such as food industry residues and lignocellulosic biomass is important for the cost-efficient production of 2,3-BD. Among them, lignocellulose is considered as the largest reservoir of potentially fermentable carbohydrates . Thus, agricultural wastes such as straw and corncob or some energy-economic crops were applied in the production of 2,3-BD by many researchers (Cao et al., 1997; Ji et al., 2011) . Using corncob cellulose, Cao et al. (1997) produced 2,3-BD with simultaneous saccharification and fermentation (SSF), and, after fermentation, 25.0 g/L 2,3-BD was detected in the broth. Cheng et al. (2010) hydrolyzed the corncob with an acid for the fermentation of 2,3-BD; in this way, 35.7 g/L 2,3-BD concentration was achieved. Nevertheless, 2,3-BD production from these materials was relatively low.
In this study, xylose solution, as a hemicellulose source, was applied as a carbon source to produce 2,3-BD using the strain Enterobacter cloacae CICC 10011. The optimization of the fermentation medium was carried out with a sequential statistical experimental design, and fedbatch fermentation was conducted in a 5-L bioreactor to obtain a better 2,3-BD yield.
Materials and methods

Microorganism and feedstock
The strain E. cloacae CICC 10011 used in this work was obtained from the China Center of Industrial Culture Collection (CICC, Beijing, China).
Xylose solution used as the carbon source was obtained from the Shandong Longlive Biotechnology Company (Yucheng, China). The feedstock comprises 630.8 g/L xylose and arabinose and glucose, whose concentrations were less than 1 g/L. 2.2. Medium E. cloacae CICC 10011 was maintained on agar slants containing the following medium: glucose 10 g/L, yeast extract 5 g/L, peptone 10 g/L, NaCl 5 g/L, and agar 20 g/L at pH 7.0. The slants were incubated at 35 °C for 14 h and then stored at 4 °C.
For seed preparation, the strain from a fresh slant tube was inoculated into a flask (500 mL) containing 100 mL For fermentations, seed culture medium (5%, v/v) was inoculated into the fermentation medium, which was put in a 500-mL flask with a working volume of 100 mL and cultivated at 150 rpm and 35 °C for 72 h. The obtained optimal fermentation medium was composed of 123 g/L xylose solution, 20 g/L corn liquor, 3.05 g/L (NH 4 ) 2 HPO 4 , 4 g/L sodium citrate, 5 g/L sodium acetate, and 0.3 g/L MgSO 4 ·7H 2 O, pH 6.5.
Analytical methods
The liquid samples were analyzed with high pressure liquid chromatography. All samples tested were preliminarily purified through a membrane filter (0.45-µm pore size). 2,3-BD and acetoin (AC) were quantified using the method described by Zhang et al. (2014) .
Cell mass concentration was monitored by measuring the optical density of liquid samples at 600 nm. The dry cell weight (DCW) was computed from the optical density using the calibration curve for the strain. 2.4. Experimental design and data analysis 2.4.1. Preliminary experiments Optimization of the medium was carried out using response surface methodology. In preliminary experiments, different nitrogen sources and inorganic salts were investigated for their suitability for high 2,3-BD production by E. cloacae CICC 10011. Corn liquor, xylose solution, sodium acetate, sodium citrate, (NH 4 ) 2 HPO 4 , MnSO 4 ·7H 2 O, and MgSO 4 ·7H 2 O were selected to conduct the Plackett-Burman (PB) experiments according to the positive effects on the fermentation.
Plackett-Burman experiments
The PB design, an efficient technique to ascertain the primary factors in the optimization of the medium components (Reddy et al., 2008; Ji et al., 2009) , was used to screen factors that could significantly influence 2,3-BD production. The level of each factor was first estimated by a single-factor experiment. The selected levels of each variable used in the PB experiment are shown in Table 1,  whereas Table 2 shows the details of the design. The 2,3-BD production was conducted as the index in the analysis.
Central composite designs and response surface methodology
Response surface methodology based on a central composite design with five coded levels was conducted to determine the optimal conditions of the screened factors in PB design for improved 2,3-BD production according to the method described by Zhang et al. (2014) . Statistical analysis of the model was performed for analysis of variance (ANOVA).
Batch and fed-batch fermentations
Batch and fed-batch fermentations were carried out in a 5-L stirred tank bioreactor (Biostat A Plus; B. Braun, Melsungen, Germany) with an initial working volume of 3.5 L. The seed culture was inoculated (5%, v/v) into the optimized fermentation medium with an initial pH of 7.0. Fermentation was carried out at 35 °C, stirring at 350 rpm, and airflow at 1.0 vvm. When the pH decreased to 6.0, it was maintained at 6.0 with the automatic addition of 4 M H 3 PO 4 or 6 M KOH, using a program-controlled peristaltic pump. Batch fermentation was carried out with an initial sugar concentration of 100 g/L. In fed-batch fermentations, the feeding substrate was fed into the bioreactor to maintain the total sugar concentration between 50 and 100 g/L when the total sugar concentration was lower than 60 g/L. Samples were collected periodically to determine the biomass, sugar, AC, and 2,3-BD concentrations.
Results
Plackett-Burman design
According to reports, many nitrogen sources, organic acids, inorganic salts, and metal ions play a very important role in the production of 2,3-BD (Poulsen and Stougaard, 1989; Jabir et al., 1995; Syu, 2001) . Thus, preliminary experiments were carried out, and xylose solution, corn liquor, (NH 4 ) 2 HPO 4 , sodium citrate, sodium acetate, MgSO 4 ·7H 2 O, and MnSO 4 ·7H 2 O were selected to screen the significant factors for the fermentation of the 2,3-BD via the PB design (Tables 1 and 2) .
To approach the neighborhood of the optimum response, the fitted first-order model equation for BD production was obtained from the PB design experiments: : Statistically significant at 95% confidence level (P < 0.05). ANOVA for the experimental designs indicated that xylose solution and (NH 4 ) 2 HPO 4 had a confidence level above 95% in the tested range. The two factors were considered to have the greatest positive impact on 2,3-BD production. In addition, the t-value showed that corn liquor, sodium citrate, and sodium acetate positively affected the production of 2,3-BD and they were set at their highest levels. On the contrary, MgSO 4 ·7H 2 O and MnSO 4 ·7H 2 O had negative effects on the production of 2,3-BD and were set at their lowest levels. The optimal concentrations of these factors were determined (g/L): corn liquor 20, sodium citrate 4, sodium acetate 5, MgSO 4 ·7H 2 O 0.3. The optimal levels of xylose solution and (NH 4 ) 2 HPO 4 needed to be further optimized via response surface analysis.
The results indicated that there was a wide variation of 2,3-BD concentrations, from 34.86 to 47.58 g/L, in the PB experiment. This variation demonstrated that medium optimization was important for improving 2,3-BD production. The determination coefficient (R 2 ) equaled 0.9810 (Table 1) and expressed the quality of fit of the polynomial model equation, showing that 98.10% of the variability in the response could be explained by this model. The value of the adjusted determination coefficient (Adj R 2 = 0.9476) was also high enough to advocate the significance of the model. The results indicated that the PB design was appropriate for choosing the key factors.
The path of steepest ascent
The above results showed that xylose solution and (NH 4 ) 2 HPO 4 could significantly influence 2,3-BD production compared to other factors. Moreover, based on the model obtained, the path of steepest ascent was employed to search for the proper direction to alter the levels of these two factors, with the other factors fixed at zero. Due to coefficients X 2 and X 5 (4.65, 1.00), (NH 4 ) 2 HPO 4 (X 5 ) concentration would increase 2.15 g/L if the concentration of xylose solution (X 2 ) was increased by 10 g/L. The design of the experiments and the corresponding results are shown in Table 3 . It was demonstrated that 2,3-BD production was highest when the concentrations of xylose solution and (NH 4 ) 2 HPO 4 were selected as 120 and 3.65 g/L, respectively. This collocation was used as the zero level in the next central composition experiment. 3.3. Central composite design and response surface methodology The significant independent variables (xylose solution and (NH 4 ) 2 HPO 4 ) selected via PB experiment were further optimized based on the above results by using the central composite design (Table 4) . By applying regression analysis to the observed data, a second-order polynomial model was given as follows: Y = 49.700 + 1.533A -0.639B -2.576A 2 -1.128B 2 -0,010AB (2) where Y is the 2,3-BD production and A and B are the coded values of xylose solution and (NH 4 ) 2 HPO 4 , respectively.
Among the model terms, the t-test and P-values were used to test the significance of each factor for 2,3-BD production ( Table 5 ). As shown in Table 5 , xylose solution and (NH 4 ) 2 HPO 4 had significant effects, with a probability of no less than 95% (P < 0.05). P-values below 0.05 of the AB term indicated that the interaction between xylose solution and (NH 4 ) 2 HPO 4 had a significant influence on 2,3-BD production. The coefficient of determination (R 2 ) and the adjusted determination coefficient (Adj R 2 ) were 0.9586 and 0.9291, respectively, exhibiting that the model possessed high significance. Therefore, it was reasonable to use the regression model to analyze the trends in the responses (Li et al., 2002) .
The 3D response surface and contour plot are shown in Figure 1 . The results showed that the response surface was convex in nature and the extreme points stayed in the studied region, which indicated the existence of welldefined optimum conditions. According to the equation model and the plot, the optimum conditions obtained were as follows: xylose solution 123 g/L, (NH 4 ) 2 HPO 4 3.05 g/L. Furthermore, the predicted maximum 2,3-BD production corresponding to these values was 50.02 g/L. 
Experimental validation of the optimized medium in the shake flasks
To confirm the adequacy of the model for predicting the maximum BD yield, experiments with the optimum medium were performed in the flasks. At 72 h, the maximum DCW reached 8.1 g/L, which was 3.8 g/L higher than the original medium. Furthermore, 2,3-BD production at 74 h was 50.73 g/L, which was close to the predicted 2,3-BD concentration (50.02 g/L). The production of 2,3-BD and acetoin (BA) reached 53.34 g/L, which was 90.81% of the theoretical value. The BA yield was 0.454 g/g and the utilization rate of sugar was 95.5%. The yield and the productivity with xylose solution were close to those with glucose, which obtained 52.4 g of 2,3-BD and 8.4 g of acetoin in shaking flasks (Qin et al., 1995) . This result indicated that the optimal medium had the obvious effect of improving BA production. Moreover, the high conversion rate and full utilization of sugar from the xylose solution minimized the waste of raw materials.
Batch and fed-batch fermentations (5-L bioreactor)
Batch fermentations were conducted to test the feasibility of using the optimal medium in a 5-L bioreactor. Using All experiments were run in triplicate and average values are given. : Statistically significant at 95% confidence level (P < 0.05).
the optimized medium for fermentation in shake flasks, residual sugar was still detected at 72 h, and the fermentation time was relatively long. Considering the following fed-batch fermentation, the initial sugar concentration dropped to 100 g/L and the other components remained unchanged. As shown in Figure 2 , the sugar began to be rapidly metabolized after the onset of the fermentation. The DCW grew rapidly and reached a maximum value of 6.22 g/L at 36 h. The maximum BA concentration of 44.18 g/L was obtained at 36 h, corresponding to the AC concentration of 10.37 g/L. The BA yield was 0.448 g/g, which suggested that the optimal medium was suitable for batch fermentation. The utilization rate of sugar was 96.47%. There was a mutual transformation between 2,3-BD and acetoin. In the late stage of fermentation, the 2,3-BD concentration decreased, whereas the acetoin concentration increased. Based on the above experiments, fed-batch fermentations were conducted to obtain a higher BA production. Xylose solution was fed into the bioreactor in order to maintain the total sugar concentration between 50 and 100 g/L when the total sugar concentration was lower than 60 g/L. The accumulative total concentration of sugar was 261 g/L. All the parameters in the fermentation process were determined by timing sampling. As shown in Figure 3 , the maximum BA concentration of 92.95 g/L was obtained at 113 h, corresponding to the AC concentration of 11.55 g/L. The BA yield was 0.444 g/g and the utilization rate of sugar was 80.24%. The DCW grew rapidly in the first 12 h and reached a maximum value of 7.70 g/L at 48 h. At the same time, sugar was consumed rapidly during the first 48 h. At the anaphase of the fed-batch fermentation, the gradual decrease of sugar consumption rate and the rapid increase of dissolved oxygen might be due to the decrease of DCW. In the late fermentation stage, the BA yield slowed down gradually. A higher oxygen supply favors the formation of cell mass at the expense of butanediol. Decreasing the oxygen supply rate increases the 2,3-BD yield but decreases the overall conversion rate due to a lower cell mass (Jansen et al., 1984) . This result was a new record on BA production in comparison to the research using corncob-derived xylose as feedstock. Overall, fedbatch fermentations visibly enhanced BA production. The optimization of culture medium, fermentation strains, and the effects of different fermentation methods such as batch, fed-batch, and SSF on 2,3-BD production have been studied for years. In the comparison of productivity with different bacteria species and substrates shown in Table 6 , it was found that with the optimal medium, BA production and productivity were higher than with other media in batch fermentation (Grover et al., 1990; Cao et al., 1997; Jiang et al., 2013) . Compared with the utilization of xylose, BA production in this study was higher than in other studies (Jansen et al., 1984; Laube et al., 1984) . In fed-batch fermentation, BA production with xylose solution was lower than with glucose or other pure substrates (Ji et al., 2010; Zhang et al., 2010) . Moreover, 119.4 g/L (2R,3R)-2,3-BD was produced by an engineered strain with corn stover hydrolysate containing primarily glucose and xylose at a ratio of approximately 3:1 (w/w) (Li et al., 2015) . When glucose was used as the substrate, the maximal specific 2,3-BD production rate and 2,3-BD productivity were higher than that reported for xylose and arabinose . In the fermentation of the mixed sugars, glucose was preferentially utilized by Enterobacter cloacae and many other strains. Large amounts of lignocellulose waste byproducts are rich in xylose and contain a few other sugars such as glucose and arabinose. As low-cost bioresources, these lignocellulose waste byproducts, which are utilized directly without addition of glucose or other sugars, have greater economic value and development potential. This result was a new record on 2,3-BD production in comparison to the research using corncob-derived xylose as feedstock.
Discussion
In conclusion, the optimal medium with xylose solution was obtained by a sequential statistical experimental design. Under the above conditions, the final BA production in flasks reached 53.34 g/L, which was 90.81% of the theoretical value. The BA production of 92.95 g/L was achieved by fed-batch fermentation with corncob-derived xylose. The results indicated that xylose solution from lignocellulose waste was effectively utilized by Enterobacter cloacae for the industrial production of 2,3-BD. Moreover, the optimization of process conditions, such as oxygen supply rate and pH, may further improve the yield of 2,3-BD. Research on the production of 2,3-BD from corncob-derived xylose has important significance for the development of renewable bioenergy and environmental protection. : 2,3-BD.
